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Abstract

Background—Cardiac resynchronization therapy (CRT) has been demonstrated to lead to the
restoration of oxygen consumption homogeneity throughout the left ventricle (LV), which is
important for long-term reverse remodeling of the ventricles. However, research has focused
exclusively on identifying the LV pacing sites that led to acute hemodynamic improvements. It
remains unclear whether there exist LV pacing sites that could both improve the hemodynamics
and result in ATP consumption homogeneity throughout the LV, thus maximizing both CRT
short-term and long-term benefits.

Objective—We aimed to demonstrate the feasibility of optimizing CRT pacing locations to
achieve maximal improvement in both ATPCTHI (an ATP consumption heterogeneity index) and
stroke work.

Methods—We employed an MRI-based electromechanical model of the dyssynchronous failing
(DHF) canine ventricles. ATPCTHI and stroke work improvement were determined for each of 34
CRT pacing sites evenly spaced over the LV epicardium.

Results—Results demonstrated the feasibility of determining the optimal LV pacing site that
achieves simultaneous maximum improvements in ATPCTHI and stroke work. The optimal LV
CRT pacing sites in the DHF canine ventricles were located midway between apex and base. The
improvement in ATPCTHI decreased more rapidly with the distance from the optimal sites as
compared to stroke work improvement. CRT from the optimal sites homogenized ATP
consumption by increasing septal ATP consumption and decreasing that of the lateral wall.

Conclusion—Simulation results using a canine heart failure model demonstrated that CRT can
be optimized to achieve improvements in both ATPCTHI and stroke work.
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Introduction

Heart failure is a major cause of morbidity and mortality,! contributing significantly to
global health expenditure. A large number of heart failure patients exhibit contractile
dyssynchrony due to left bundle branch block (LBBB); in these patients, the contraction of
the left ventricle (LV) is delayed compared to that of the right ventricle (RV).2 2 Cardiac
resynchronization therapy (CRT), the administering of biventricular pacing to the ventricles
to re-coordinate contraction, has proven to be an effective therapy for dyssynchronous heart
failure (DHF) patients.46

In DHF patients, as a result of contractile dyssynchrony, the myocardial blood flow (a
measure of myocardial workload) and oxygen consumption is higher in the LV lateral wall
compared to the septum.’ Over the long term, the LV lateral wall mass increases to a greater
extent relative to the septal mass, i.e. an asymmetry in the hypertrophic response develops.®
CRT has been demonstrated to lead to the restoration of relative homogeneity in oxygen
consumption throughout the LV by increasing the oxygen consumption of the septum and
decreasing that of the lateral wall.”: ® Homogeneous oxygen consumption, which indicates
uniform distribution of myocardial workload, throughout the LV is important for long-term
reverse remodeling of the ventricles as it eliminates the asymmetry in hypertrophy resulting
from LBBB.8

Consequentially, an important consideration in the quest to improve the long-term efficacy
of CRT for DHF patients is that oxygen (or ATP) consumption heterogeneity throughout the
LV be minimized. However, thus far research into CRT has not addressed this issue --
previous studies have mainly focused on improving the acute response of CRT.10 Indeed,
only the optimal LV pacing sites that give rise to acute hemodynamic improvements, such as
stroke work increase, have been identified.10 It therefore remains unclear whether there exist
LV pacing sites that could both improve the acute hemodynamic response and result in a
relatively homogeneity of ATP consumption throughout the LV, thus maximizing both
short-term and long-term benefits of CRT.

The goal of the present study was to address this issue. We aimed to demonstrate the
feasibility of optimizing CRT pacing locations to achieve minimal ATP consumption
heterogeneity throughout the LV while simultaneously maximizing hemodynamics
improvement in the DHF canine ventricles. A magnetic resonance image (MRI)-based
electromechanical model of the DHF canine ventricles previously developed by us was
augmented and used to achieve the study goals.
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Materials and Methods

MRI-based electromechanical model of the DHF ventricles

We employed an MRI-based electromechanical model of the DHF canine ventricles (Fig.
1A) developed previously by our group.11: 12 The model, as previously published, is briefly
described in the online Supplemental Methods. For the present research, we implemented
further advancements in the model to enable us to determine the ATP consumption
throughout the LV at a high spatiotemporal resolution. Detailed description of these new
model developments is also provided in Supplemental Methods.

CRT Simulation protocol

Currently, in a routine clinical CRT device implantation procedure, LV pacing sites are
accessed via the coronary sinus and are thus epicardial.13 Accordingly, the model of the
DHF ventricles was subjected to bi-ventricular CRT, in which the ventricles were paced
simultaneously from the RV apex and an epicardial location in the LV. This protocol is
similar to the CRT protocol described in our recent publication.12 The parameters chosen in
the CRT model, such as CRT AV delay and pacing rate are provided in the Supplemental
Methods. To determine the optimal epicardial LV CRT pacing locations that result in
minimum ATP consumption heterogeneity throughout the LV while simultaneously
maximizing stroke work improvement, 34 evenly spaced LV epicardial pacing sites were
tested (Fig. 1B, left). For each LV pacing site, maps of the distribution of ATP_cT, the ATP
consumption per myosin head (see Supplemental Methods for detail), were constructed, and
a single ATP_cT heterogeneity index heterogeneity index, ATPCTHI, calculated (see
Supplemental Methods for detail).

In addition, we also simulated bi-ventricular CRT with endocardial LV placement to gain
insight into whether it could lead to different improvements in ATPCTHI and stroke work as
compared to epicardial LV placement. Three LV endocardial pacing sites were tested: one
basal, one apical and one midway between apex and base (Fig. 1B, right). Improvements in
both ATPCTHI and stroke work were calculated for each of them. In all CRT simulations,
the position of the RV pacing lead remained the same.

Data analysis

For each bi-ventricular CRT simulation (corresponding to each of the 34 epicardial LV and
the 3 endocardial LV pacing locations), the degree of heterogeneity in ATP consumption
throughout the LV and the improvement in ATPCTHI was determined.

These novel calculations are described in detail in the Supplemental Methods. Additionally,
the optimal LV pacing site(s), both epicardial (among 34 locations) and endocardial (among
3 locations) that led to maximal improvement in stroke work were calculated as described in
our previous publication2 and briefly presented in the Supplemental Methods. Finally, the
LV pacing sites that achieve maximal improvement in both ATPCTHI and stroke work were
identified.
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Figure 2A presents contraction in the model of the DHF canine ventricles. The black and red
lines are the strain profiles over one pacing cycle from representative sites, one on the LV
lateral wall and another on the septum. It can be seen that contraction is dyssynchronous: the
septal wall shortened while the LV lateral wall was pre-stretched; the lateral wall contraction
was delayed relative to that of the septum. These strain profiles are consistent with
experimental recordings in the DHF ventricles!# and with the simulated strain maps in our
previous publication.1? Figure 2B shows the 3D distribution of ATP_cT in the DHF canine
ventricles: ATP_cT was larger in the LV lateral wall compared to the septum, resulting in an
ATPCTHI of 0.327.

Simulations of biventricular CRT were executed to determine the epicardial LV location that
resulted in maximum improvement in ATPCTHI following CRT. First, for all 34 LV CRT
locations, ATP_cT maps were constructed. Then, the ATPCTHI values, one for each CRT
simulation, were determined. The left image of Fig. 3A is a summary plot of the results of
all 34 simulations; it presents the distribution of the improvement in ATPCTHI (normalized
with respect to the maximal improvement in ATPCTHI, 20%) over all pacing sites. Both
apical and basal pacing sites gave rise to small (<10%) improvement in ATPCTHI (i.e.
<50% improvement in ATPCTHI normalized with respect to the maximal improvement in
ATPCTHI, as seen in Fig. 3A, left). The pacing site that resulted in maximal improvement
in ATPCTHI was located midway between apex and base, and is marked by the black
triangle. CRT from this LV pacing location homogenized ATP_cT between the septum and
the lateral wall by increasing septal ATP_cT while decreasing that of the lateral wall (Fig.
3B, right), resulting in an ATPCTHI of 0.259.

To provide a reference value, we also calculated ATPCTHI for the failing ventricles in sinus
rhythm; the activation patterns corresponding to sinus rhythm, LBBB, and CRT from the
optimal pacing site are shown in Figure 4. The ATPCTHI in sinus rhythm was 0.268,
slightly larger than that (0.259) following CRT from the LV location that resulted in
maximal improvement in ATPCTHI.

Simulations of biventricular CRT were then conducted to determine the epicardial LV
location that resulted in maximum stroke work improvement. Figure 3B is a summary plot
of the results of all 34 simulations, each corresponding to one LV site; it shows the
distribution of stroke work improvement (normalized with respect to the maximal stroke
work improvement, 41%) over all pacing sites. Almost all of the pacing sites (33 out of 34)
led to = 33% stroke work improvement (i.e. = 80% stroke work improvement normalized
with respect to the maximal stroke work improvement as seen in Fig. 3B).

The pacing site that gave rise to the maximal stroke work improvement was located midway
between apex and base (marked by the black triangle). The corresponding pressure-volume
loop for this CRT location and its comparison to the pressure-volume loop in LBBB are
presented in Supplemental Results and Discussion.

The pacing site that resulted in maximal improvement in ATPCTHI was adjacent to the one
that led to maximal stroke work improvement and thus, CRT from both LV pacing sites
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(optimal sites) resulted in maximal or near maximal improvement in both ATPCTHI and
stroke work. Figure 5 is a plot showing the number of CRT LV pacing sites that gave rise to
improvement above a certain level in both ATPCTHI and stroke work as a function of that
level. It shows how close to the maximal improvements in ATPCTHI (20%) and stroke
work (41%) the CRT responses from epicardial pacing sites were. For instance, the number
of the LV pacing sites that led to improvements in both ATPCTHI and stroke work that
were above 40% of the maximum possible was 25. In other words, 25 of the 34 pacing sites
resulted in above 8% improvement in ATPCTHI (40% of the maximum 20% improvement
in ATPCTHI is 8% improvement) and above 16% stroke work improvement (40% of the
maximum 41% improvement in stroke work is 16% stroke work improvement). Similarly,
the number of LV pacing sites that led to improvements in both ATPCTHI and stroke work
above 80% of maximal was only 10; i.e. 10 LV pacing sites had above 16% improvement in
ATPCTHI (80% of the maximum 20% improvement in ATPCTHI is 16% improvement)
and above 33% stroke work improvement (80% of the maximum 41% improvement in
stroke work is 33% stroke work improvement).

We also examined the mechanisms by which pacing sites midway between apex and base
lead to larger improvement in ATPCTHI. To conduct this analysis, the 3D distributions of
ATP_cT in the DHF canine ventricles and following CRT from a basal pacing site, an apical
site, and the site that resulted in maximal improvement in ATPCTHI, were compared (Fig.
6). Six sites that were on the same longitudinal cross-section (3 on the lateral wall and 3 on
the septum, indicated by the arrows in the leftmost image of the 2nd row in Fig. 6) were
chosen for strain and ATP_c profile analysis. The 3" and 4™ rows of Figure 6 present the
strain and ATP_c profiles over one representative pacing cycle at each of the six sites in the
DHF ventricles and following CRT from the respective LV locations (broken lines are traces
from the 3 sites in the septum and solid lines are traces from the 3 sites in the lateral wall).
Comparing the strain profiles from the DHF ventricles and following CRT from the LV site
that resulted in maximal improvement in ATPCTHI, it can be seen that there is a delay in
the lateral wall contraction relative to the septal contraction in the DHF ventricles (onsets of
lateral wall and septal contractions are indicated by the arrows). CRT eliminated this
dyssynchrony in ventricular contraction, leading to similar ATP_c profiles between septum
and lateral wall, and thus significant decrease in ATP_cT heterogeneity throughout the LV
and improvement in ATPCTHI (20%).

The basal and apical CRT LV pacing sites shown in Fig. 6 resulted in an ATPCTHI of 0.304
and 0.321, respectively; normalized improvements in ATPCTHI were 34% and 8%,
respectively. Pacing the LV from the base resulted in the apex contracting after the base,
with the apex being pre-stretched (indicated by the arrow, green solid line in the 2" row
panel in Fig. 6) while the base was contracting; the pre-stretch was substantial (14%) as the
wall of the apex was thinner than that of the base. This led to fast apical myofiber shortening
during the subsequent contraction, as myofibers at the apex shortened to the same degree as
those at the base but starting from a fiber pre-stretch of 14%. Consequently, there was higher
ATP_c (4™ row, basal pacing column) and ATP_cT (29 row, basal pacing column) at the
apex relative to those at the base. Pacing the LV from the apex led to the apex contracting
ahead of the base, which resulted in dissimilar ATP_c profiles throughout the LV (4™ row,
apical pacing column).
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Finally, we conducted bi-ventricular endocardial LV CRT simulations. The results
demonstrated that the improvements in ATPCTHI were 13% (basal site), 4% (apical site)
and 17% (the site midway between apex and base). The maximal improvement in ATPCTHI
among the three endocardial pacing sites was 17%, which was close to the maximal
improvement in ATPCTHI among the epicardial pacing sites (20%). Apical and basal
pacing sites led to smaller improvement in ATPCTHI compared to the pacing site midway
between apex and base. The improvements in stroke work were 36% (basal site), 39%
(apical site) and 38% (the site midway between apex and base) respectively. Similar to the
epicardial pacing sites, all endocardial pacing sites gave rise to stroke work improvement
above 33%.

Discussion

Our study demonstrated the feasibility of determining the optimal LV pacing site for
biventricular CRT that achieves simultaneous maximum improvements in ATPCTHI and
stroke work. The results were based on the use of an MRI-based electromechanical model of
the DHF canine ventricles. Major findings of the study include:

1. The optimal epicardial LV pacing site for biventricular CRT that resulted in
maximal improvement in ATPCTHI was located midway between apex and base,
and close to the site that resulted in maximal stroke work improvement.

2. The further the distance on the epicardium from a given LV pacing site to the
optimal LV pacing locations, the smaller the improvement in ATPCTHI.
Improvement in ATPCTHI decreased much more rapidly with this distance as
compared to stroke work improvement.

3. CRT from the optimal epicardial LV pacing sites homogenized ATP_cT
throughout the LV by increasing septal ATP_cT and decreasing that of the lateral
wall. CRT from epicardial apical or basal sites led to the apex or base contracting
ahead of the distant myocardium at base or apex. As a result, CRT from both apical
and basal sites gave rise to dissimilar ATP_c profiles throughout the LV, which
resulted in heterogeneous ATP_cT in the LV.

4. The location of the endocardial LV CRT pacing site that resulted in maximal
improvement in ATPCTHI (among the three sites tested) was in the same general
region of the ventricle as the optimal epicardial pacing site.

CRT-induced improvement in ATPCTHI and stroke work

To determine the oxygen consumption throughout the LV, clinical studies had

employed 11C-acetate positron emission tomography.’: @ However, these studies provided
information with low temporal and spatial resolution: myocardial oxygen consumption was
measured by the acetate clearance rate at every minute; the LV myocardial wall was divided
into four 4 regions (anterior, lateral, inferior and septal wall) and oxygen consumption was
quantified for each of them. By using a computational approach to cardiac electromechanics,
we were able to evaluate, in 3D and at a high spatiotemporal resolution, the metabolic rate
throughout the LV following biventricular CRT, for both epicardial and endocardial LV
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pacing locations. Our MRI-based 3D electromechanical model of the failing canine
ventricles incorporated a myofilament model representing ATP consumption, which made it
possible to calculate the dynamic temporal changes in ATP consumption and its
heterogeneous distribution throughout the LV. Thus, the LV pacing site that led to maximal
improvement in ATPCTHI following CRT could be accurately determined; such CRT
optimization could not be achieved in the clinical studies using 11C-acetate positron
emission tomography. Analyzing the mechanisms, we found in the present study that the LV
pacing site that gave rise to the maximal improvement in ATPCTHI was located midway
between apex and base. CRT from non-optimal sites (apical or basal) led to the apex or base
contracting ahead of the distant myocardium at base or apex, resulting in dissimilar ATP_c
profiles throughout the LV and thus heterogeneous ATP_cT in the LV.

In this study, we demonstrated that stroke work improvement decreased slowly with the
distance from the optimal pacing location, which is in agreement with experimental
evidence.10: 12 The slow decrease reflected the fact that our model of CRT was tuned to
achieve maximum stroke work improvement (see Supplemental Results and Discussion) as
the AV delay used here (70ms) was the value shown to lead to significant stroke work
improvement in a canine DHF model.12

Clinical significance

The results of our study could have important implications for optimizing the clinical
procedure of CRT. Our study demonstrated the feasibility of using an image-based
simulation approach to determine the optimal LV pacing site for biventricular CRT in the
DHF ventricles, a site that achieves simultaneous maximum improvements in ATPCTHI and
stroke work. We demonstrated that in the tachycardia-paced canine DHF ventricles (i.e.
ventricles without ischemic cardiomyopathy) the optimal LV pacing site was located
midway between apex and base (based on extensive simulations of epicardial pacing CRT
and a limited number of endocardial CRT simulations). However, we do not expect that in
all patients the LV pacing site that maximizes improvements in both ATPCTHI and stroke
work would necessarily be at that location. Indeed, clinical studies have shown that there is a
significant interindividual variability in the location of the optimal LV pacing site.1>17 The
significant interindividual variability in the location of the optimal LV pacing sites found in
these clinical studies is due to the fact that a significant percentage of patients had ischemic
cardiomyopathy (25%, 56% and 36% in the studies by Asbach et al.,1> Khan et al.,16 and
Duckett et al.,17 respectively); the location of scar tissue influences the location of the
optimal CRT pacing site.1® The image-based simulation approach to CRT optimization
presented here could be applied to each patient heart, building a personalized model (with
ischemic cardiomyopathy also accounted for, should there be any) to be used in determining
the optimal LV pacing site (either epi- or endocardial) in a patient-specific manner.

A finding with important clinical implication is that acute hemodynamic response does not
necessarily predict long-term CRT outcome, which is consistent with the results from
clinical studies (see review!®). Duckett et al. found that acute response to CRT, as measured
by maximal rise in LV pressure, is predictive of long-term response.l” However, this study
defined long-term response only in terms of reduction in LV end-systolic volume, which is
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only one component of reverse remodeling. Elimination of asymmetry in hypertrophy
resulting from LBBB, as examined here, is a different, in fact poorly explored, aspect of
reverse remodeling by CRT.

A limitation in our model is that because of the weak electromechanical coupling in the
model we could not represent pacing-induced electro-mechanical remodeling, namely the
prolongation of APD in the late-activated myocardial segment as compared to the early-
activated myocardial segment found in experimental studies; 19 20 one expects that such
electromechanical remodeling might affect the location of the LV pacing site thatmaximizes
improvements in ATPCTHI. As more sophisticated electromechanical models are
implemented in the future, the spatial heterogeneity in APD could be taken into account in
calculating the optimal pacing site that will result in maximal improvements in ATPCTHI
and stroke work following the approach developed here. Another limitation is that the
electromechanical model did not incorporate papillary muscles. It is possible that when
modeling advances enough to be able to handle the contribution of papillary muscle, the
optimal LV pacing site might be found to be closer to the apex, as found in some
experiments.10

Conclusion

In the present study, we demonstrated the feasibility of determining the optimal LV pacing
site for biventricular CRT that achieves simultaneous maximum improvements in ATPCTHI
and stroke work. In the tachycardia-paced DHF canine ventricles these optimal CRT LV
pacing sites were located midway between apex and base. Our study suggests an ATP based
method to optimize the location of the LV pacing sites for biventricular CRT. Prospective
testing would be needed to confirm the feasibility of this method in animal models or
patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A): Geometry (left) and fiber orientation (right) of the DHF canine ventricular model. (B):

Distribution of 34 evenly spaced LV epicardial pacing sites (left). The view was adjusted to
show only the LV lateral wall, as most of the LV pacing sites were located on the lateral
wall. Distribution of the 3 LV endocardial pacing sites (right) in a visual rendering of the LV
endocardium.
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Figure 2.
(A): Strain profiles over one pacing cycle from representative sites, one on the LV lateral

wall and another on the septum in the DHF canine ventricular model with simulated LBBB
electrical activation. (B): 3D distribution of ATP_cT in the DHF canine ventricles.
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Figure 3.

(A): Distribution of improvement in ATPCTHI over all epicardial LV pacing sites for
biventricular CRT (left). Improvement in ATPCTHI was normalized with respect to the
maximal improvement in ATPCTHI; the value of the maximal amount of improvement in
ATPCTHI was determined among the 34 CRT simulation results (corresponding to the 34
LV epicardial pacing sites). The range 0 to 100% was chosen here for the purpose of
comparing isochrones between panels A and B. 3D distribution of ATP_cT in the ventricles
following CRT from the epicardial LV site that resulted in maximal improvement in
ATPCTHI (right). (B): Distribution of stroke work improvement over all epicardial LV
pacing sites for biventricular CRT. Stroke work improvement for each of the 34 LV pacing
sites was normalized with respect to the maximal stroke work improvement; the value of the
maximal stroke work improvement was determined among the 34 sets of CRT simulation
results.
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Figure 4.
Electrical activation pattern in the canine ventricles corresponding to sinus rhythm, LBBB,

and CRT from the optimal endocardial LV pacing site.
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Figure 5.
The number of CRT LV pacing sites that gave rise to improvement above a certain level in

both ATPCTHI and stroke work as a function of that level.
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Figure 6.
15t row: Canine ventricles. The black dot indicates the location of the CRT epicardial site

from which LV was paced. 2" row: 3D distribution of ATP_cT in the DHF ventricles and
the ventricles following CRT from the epicardial LV pacing sites shown in the 15t row. 3"
and 4™ rows: Strain and ATP_c profile over one representative pacing cycle at six sites
(marked by the arrows in the leftmost image in the 2"d row) from DHF ventricles and
following CRT from the epicardial LV pacing sites shown in the 15 row.
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